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Project description: 
This project consists of experiments and theoretical modeling designed to improv* 
our understanding of the detailed chemical kinetics of supercritical water oxidation 
(SCWO) processes. The objective of the three year project is to develop working 
models that accurately predict the oxidation rates and mechanisms for a variety of 
key organic species over the range of temperatures and pressures important for 
industrial applications. Our examination of reaction kinetics in supercritical water 
undertakes in situ measurements of reactants, intermediates, and products using 
optical spectroscopic techniques, primarily Raman spectroscopy. Our focus is to 
measure the primary oxidation steps that occur in the oxidation of methanol, 
phenol, methylene chloride, and some simple organic compounds containing nitro 
groups with a special emphasis on identifying reaction steps that involve hydroxyl 
radical and hydrogen peroxide. 

The work conducted here continues the experimental approach from our previous 
SERDP-funded project by extending measurements on key oxidant species and 
expanding the variety of experimental methods, primarily optical in nature, that can 
be used to examine reactions at SCWO conditions. Direct support will be sent to the 
project collaborators at MIT and Princeton who will contribute to the model 
development for the halogenated systems and phenol. In general, these researchers 
will  examine  these  processes  using  more  conventional  sample  and   quench 



methods. These experiments all focus on determining the primary oxidation steps 
that involve the OH and HO2 radicals, generating data which will be used to 
evaluate and refine SCWO reaction kinetic schemes. The primary technical 
difficulty in this stage of the project will be recasting the 1100 °C models for these 
simple molecules to 400-600 °C emphasizing the role of the HO2 radical. 

Executive Summary of Progress this Period 

Programmatic 
Several important programmatic milestones were accomplished this quarter. The 
most critical of these is the successful placement of both research sub-contracts with 
Prof. J. W. Tester, Dept. of Chemical Engineering, MIT and Dr. K. Brezinsky, 
Mechanical and Aerospace Engineering Department, Princeton University. The 
project at MIT will focus on the oxidation and hydrolysis of halogenated species in 
supercritical water. The project at Princeton is designed to provide new information 
of pyrolysis and oxidation of phenol and anisole, two simple aromatic species, in the 
presence of water vapor. In addition, the Execution Plan was written and submitted 
for the SERDP FY95 funding for this project of $300K and the transfer of funds to the 
Sandia case is in progress. This project was chosen to be represented in the 
Compliance TTA session at the First Annual SERDP Symposium in April. The 
project's progress was also presented to the SERDP Executive committee at the FY95 
In Progress Review in May. 

Methane oxidation 
Work this quarter focused on interpretation of the methane oxidation results and 
the preparation of a paper. Part of the work presented in Steeper's thesis was 
supported by SERDP. Results and analysis of the oxidation of methane in 
supercritical water by oxygen over a pressure range from 35 to 270 bar and a 
temperature range from 390 to 440 °C were presented in a paper submitted to the 
Journal of Physical Chemistry. Raman spectroscopy is used as an in situ diagnostic 
to monitor the concentration of methane, oxygen, carbon monoxide, and carbon 
dioxide in a constant volume reactor. An existing, high-pressure elementary 
reaction mechanism reproduces the observed decrease in oxidation rate with 
increasing pressure and provides insight into the reasons for this behavior. In 
addition, this quarter Richard Steeper completed requirements for his Ph. D. thesis 
in the Dept. of Mechanical Engineering at the University of California, Davis. 

Methanol oxidation 
Work this quarter establishes the quantitative relationship between the 
experimental results obtained from Sandia's flow reactor experiments and several 
different elementary chemical kinetics models. A flow diagram was developed, 
based on elementary reactions, that can describe the important reaction paths 
present during the oxidation of methanol in supercritical water. In addition, we 
analyzed the data experimental data to obtain an interpretation of the early reaction 



time behavior as an activated process characteristic of a brief induction time. This 
work is being prepared for submission for journal publication next quarter. 

Isopropanol oxidation 
Interpretation of results was also the principal activity on this topic during this 
period. Data obtained last quarter has proven to be sufficient, not only to establish 
isopropanol oxidation rates, but to identify an induction time and quantify rates of 
the formation and disappearance of acetone. This work is being prepared for 
submission for journal publication next quarter. 

Hydrogen peroxide thermal decomposition 
The flow reactor was tested at reactor conditions and it worked well. Phillip Paul , 
8351, who is collaborating with this project on this task, has obtained a cadmium 
hollow cathode lamp that will provide the probe u.v. source for the experiment. 
The equipment for this experiment is now in place, but because of other activities in 
lab that houses the eximer, the start of experiments will be delayed until 9/1/95. 

Future work 
Work next quarter will focus on completing the propanol oxidation work. We will 
expand the data set on isopropanol, conduct experiments on n-propanol, and 
initiate the H2O2 experiments. Our present understanding of the initial step in 
isopropanol oxidation suggests that n-propanol may not behave the same way. The-, 
H2O2 experiments will provide direct measurement of hydrogen peroxide 
dissociation rates in supercritical water. The modeling effort will focus on linking 
the methane and methanol models to the GRI (Gas Research Institute) [1] high 
temperature model such that we have a self-consistent model with a traceable set of 
elementary reactions. 

Publications & Presentations 
S.F. Rice and R.R. Steeper, "Temperature Dependence of the Oxidation of Common 
Organic Industrial Pollutants in Supercritical Water", submitted to the Journal of 
Advanced Oxidation Technologies , 5/95. 

R.R. Steeper, S.F. Rice, Ian M. Kennedy, and J. D. Aiken, "Kinetics Measurements of 
Methane oxidation in Supercritical Water", submitted to The Journal of Physical 
Chemistry, 6/95. 

S.F. Rice, "Kinetic Mechanisms of Supercritical Water Oxidation" presented at The 
First Annual SERDP Symposium Washington. D.C., 4/95. 

D.R. Hardesty, "Kinetic Mechanisms of Supercritical Water Oxidation" presented at 
the FY95 In Progress Review. 5/95 Ft. Belvoir VA. 

R.R. Steeper, "Methane and Methanol Oxidation in Supercritical Water: Chemical 
Kinetics and Hydrothermal Flame Studies" Ph. D. Dissertation, University of 
California, Davis. 6/95. 



Detailed Summary of Technical Progress this Period 

Methane Oxidation (R.R. Steeper) 
Much of the work this quarter was on relating the results of our experiments to 
those reported by Webley et. al. [2] and interpreting the results of the water 
concentration dependence for the rate of methane oxidation. A non-monotonic 
dependence of reaction rates on water concentration is observed. With temperature 
and initial concentrations held constant, methane consumption rates first increase 
with increasing water concentration but reach a maximum near 5 mol/L. Further 
increases in water concentration lead to a sharp decrease in the rate of methane 
consumption. An existing, high-pressure elementary reaction mechanism 
reproduces this downturn in rates, and provides insight into the reasons for this 
behavior. 

There are several ways that water concentration can affect oxidation rates in 
supercritical water. First, water is an explicit reactant in many elementary reactions, 
so that rates of these reactions are directly dependent on water concentration. 
Second, water is the most important collision partner for unimolecular reactions in 
the SCWO environment. Unimolecular reaction rates become insensitive to 
collision partner concentrations at the familiar high-pressure limit, so water's role 
in these reactions is may have an unusual pressure dependence. A final way that 
water influences reactions derives from its interaction with transition state 
complexes: the presence of water can change both the energetics [3] (i. e>, which 
reactions are thermodynamically favored) and the activation volumes (i. e., how 
reaction rates change as a function of pressure) of these complexes. Results from 
experiments performed over a range of water concentrations can be used to examine 
the water concentration dependence of methane oxidation. 

Figure 1 compares observed methane concentration histories from a 270-bar and a 
135-bar experiment. The two experiments were conducted at approximately the 
same temperature and initial reactant concentrations. To improve the comparison, 
time was shifted for both so that a common concentration (well beyond the settling 
period) was set at time zero. Surprisingly, the data indicate that consumption of 
methane is faster at the lower pressure. The same conclusion is obtained from 
every pair of 135- and 270-bar experiments that is close enough in initial conditions 
to be compared. Comparisons can also be made using predictions from the two 
global rate expressions. With this method, identical initial conditions can be 
specified, and the results are representative of the entire set of data points. 
Predictions of the global rate expressions are included in Figure 1: the predictions 
reinforce the conclusion that rates are significantly faster at 135 bar than at 270 bar. 
The observed decrease in methane reaction rate with increasing pressure is 
unexpected. Because of the increase in collision partners with pressure, the primary 
effect of a pressure increase is to raise reaction rates. The rate of oxidation of phenol 
in supercritical water has been observed to increase with water density over a range 
from 6 to 29 mol/L. [4] A similar effect was observed for hydrogen and carbon 
monoxide over a range of water densities from 1.8 to 4.6 mol/L. [5] 



-i—i—i—i—i—i—i—r-i—|—i—i—i—i—|—i—i—i—i—f i—i—i—i—i—i—i—i—i—I—i—i—i—r 

P=265 bar, T=413 °C, 0=0.50 
[H20]=7.8 mol/L 

P=134 bar, T=411 °C, 0=0.53 
[H20]=2.3 mol/L 

270-bar Global Rate Expression 
135-bar Global Rate Expression 

0.00 ■■■■'■■'■ I 1 I I 1 I I I—I 1   ~     I—PT    I—I—I L 

0 50 100 
Time (min) 

150 

Figure 1. Comparison of methane consumption at 270 and 135 bar. The curves 
are predictions of the global reaction rate expressions. Note that 
neither curve is a direct fit to the data in Figure 1; each is calculated 
using the appropriate set of four constant parameters that represents 
the data from dozens of experiments. (<£ is the initial fuel equivalence 
ratio.) 

To examine further the observed water concentration dependence, we performed a 
series of seven experiments. These experiments were conducted at constant initial 
methane concentration and temperature, while water concentration was varied 
from 0 to 8 mol/L in the absence of other diluents. The corresponding experimental 
pressures ranged from 35 to 270 bar. To compare these experimental results, 
effective rate constants were calculated as described above; they are plotted in Figure 
2 as a function of water concentration. 

The circles in Figure 2 indicate an initial steady rise in rate constant as water content 
is increased. However, at a water concentration above 5 mol/L, there is an abrupt 
downturn in rate. The rate at water concentrations near 8 mol/L has fallen by more 
than a factor of two from the rate at half that concentration. Included as well in 
Figure 2 are predictions from the two global rate expressions evaluated at 
appropriate initial conditions. These two points indicate that the ensemble of 135- 
bar and 270-bar data supports the observation that rates depend inversely on water 
content at high water concentrations. 
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Figure 2. Methane reaction rate constants as a function of water concentration at 
constant temperature: experimental data and predictions of global 
reaction rate expressions. For the experimental data, T = 410-413 °C, 
[CFLjJinitiai = 0.1-0.15 mol/L, initial fuel equivalence ratio = 0.8-KÖ. 

To gain insight into the results of our experiments, we tested an elementary reaction 
mechanism proposed for the oxidation of methanol in supercritical water. [6,7] The 
mechanism was assembled from a high-pressure H2-CO mechanism and two 
atmospheric pressure mechanisms. The rates of key elementary reactions were 
varied within their uncertainties by the authors to improve agreement with 
methanol SCWO kinetics experiments performed by . [8] This reaction mechanism 
was integrated into a constant-temperature, constant-pressure reactor model using 
Sandia's Chemkin Real Gas package [9]. These constant property assumptions were 
justified based on the small deviations in temperature and pressure recorded for the 
abridged data set. Thermodynamic quantities were calculated using a Peng- 
Robinson equation of state for all species except water, for which an empirical 
equation of state was used. For this initial assessment of the elementary reaction 
mechanism, we chose to set all fugacities equal to one in our model. 

Figure 3 compares the experimental results with model predictions for the same 
initial conditions. It is apparent that the model overpredicts the methane 
consumption rate. Other features of the model predictions however agree with 
observed trends. For example, the model predicts a negligible induction period for 
the methane oxidation in agreement with the experiments. Although our 
experiments are not designed to measure the induction period, the observed data 



indicate that this period is a small fraction of the time required to consume the 
methane. The model predicts a CO maximum concentration equal to approximately 
15% of the initial methane load, occurring at a time when about half the methane 
has been consumed. Results from the 270-bar experiments typically show a smaller 
CO concentration maximum occurring relatively earlier than predicted by the 
model. Although not a part of this experimental study, the measured concentration 
profiles will serve as input into the further development of the SCWO reaction 
mechanism. 
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Figure 3.   Model predictions of concentration histories compared to observed 
data. 

The elementary reaction mechanism can be used to calculate effective rate constants 
that help compare model predictions with experimental observations. For example, 
when calculating rate constants at varying initial methane concentrations, the 
model predicts a methane reaction order of 1.4, midway between our observed value 
and that of Webley. Further, the model can be used to predict the rate constant's 
dependence on water concentration for comparison with the observed dependence. 
Figure 4 presents such a comparison. 

Comparing the predicted and observed data in Figure 4 indicates clearly the 
overprediction of rates by the model. In assessing the model performance, no 
attempt was made to improve agreement with experimental data. Since the 
reaction   mechanism   in   the   model   was   originally   optimized   using   low- 



concentration methanol data, it is not surprising that predictions differ from our 
data. Performing sensitivity and flux analyses, and then tuning the mechanism to 
our conditions, would likely result in better agreement, albeit at a risk of increasing 
disagreement with the methanol data. 
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Figure 4. Model predictions of reaction rate constants as a function of water 
concentration. The experimental data from Figure 5 are included for 
comparison. Initial conditions for the model predictions are T = 
412 °C, [CFLjJinitiai = 0.05 mol/L, fuel equivalence ratio = 0.5. 

Interestingly, despite the discrepancy between the magnitude of measured and 
predicted rates, Figure 4 shows that the model successfully captures the trend of rates 
with water concentration that we observe: the model predicts the same abrupt 
downturn in rates, albeit at a higher water concentration than measured. To 
understand what causes this downturn, we identified two important reactions from 
a set of rate-controlling reactions highlighted in earlier studies. [6,10] The first 
reaction is the unimolecular decomposition of H2O2, which is an important chain- 
branching step: 

H202 + M => OH + OH + M. (2) 

Increasing the rate of this reaction results in an increased rate of consumption of 
methane. The other key reaction we identified is the reverse reaction of the CH3 
radical with water to produce CH4: 



CH3 + H20 = CH4 + OH. (3) 

Increasing the rate of Reaction 3 in the direction written slows the overall 
consumption of methane. Note that water concentration affects the rate of both of 
these reactions since water is an explicit reactant in Reaction 3, and is the 
predominant collision partner (represented by M) in Reaction 2. 

At low pressures, increasing water concentration increases rates of both elementary 
reactions linearly. As a result, the difference in rates between Reaction 2 and 
Reaction 3 grows, and the overall methane consumption rate increases, as seen in 
the model predictions of Figure 4. At a pressure near 200 bar, however, Reaction 2 
reaches its high-pressure limit: at this point it becomes insensitive to the 
concentration of water. As a result, further increases in water concentration have 
no effect on Reaction 2. The rate of Reaction 3 continues to increase however, 
causing the rate of overall methane consumption to fall with increasing water 
concentration. In support of this simplified hypothesis, we found that increasing 
the rate of Reaction 3 moved model predictions in the direction of the observed 
data: overall rates dropped and the location at which rates begin to fall moved to 
lower water concentrations. 

Methanol Oxidation 
Work completed last quarter on methanol oxidation showed good agreement- 
between our experimental results and a model developed by Schmitt et. al.y[ll] This 
encouraged us to explore further, more subtle, aspects of the oxidation data. In 
Figure 5, the normalized fuel concentration data (at values less than 0.9) as 
ln([CH30H]/[CH30H]0) is shown as a function of flow reactor residence time. Here 
[CH3OH] refers to the measured methanol concentration and -[CH3OHI0 refers to the 
initial feed concentration. Assuming that the oxidation proceeds as first-order with 
respect to fuel, it is possible to linearly extrapolate back to [CH3OH]/[CH3OH]o=1.0 
and determine the apparent induction time, tind- It can be seen from Figure 5 that 
the data are well approximated by first-order kinetics and that all the data sets have 
a positive intercept revealing a temperature-dependent induction time. Table 1 
displays the results of the fit for 

[CH3OH] =exp(-keff-(t-tind)). (4) 
[CH3OH]o 

V     ett  V      ma" 

Figure 6 shows an Arrhenius plot of both keff and (tind)"1. The parameter keff is an 
effective first-order rate constant for the oxidation of methanol after the induction 
period and (tind)"1 is a measurement of the induction period rate constant. The 
slope of these two curves can be used to determine apparent activation energies for 
both time periods. The apparent activation energy for the bulk rate constant, keff, is 
179 kj/mole and for the induction rate constant, (tind)"1, is 118 kj/mole. 
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Figure 5. Measured normalized methanol concentrations, normalized by the 
initial methanol concentration shown as a function of time (data at 
conversions > 0.1 removed). The lines represent fits of the 
experimental data to [CH3OH]/[CH3OH]0 = exp(-keff.(t-tind)) 440°C 
o ,460°Cn ,480°CA , and 500°C v . 

Table 1. Parameters from Induction Time Estimate 

Temp (°C)      tind (s)            keff (s"1) 
440 0.69 0.38 
450 0.55 0.52 
460 0.46 1.09 
470 0.42 1.63 
480 0.24 1.86 
490 0.20 2.71 
500 0.13 4.05 

10 
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Isopropanol Oxidation (T.B. Hunter) ' 

During this quarter we investigated the oxidation of isopropanol in supercritical 
water has been investigated using Raman spectroscopv. Results of these 
experiments for species concentration as a function of residence-time are presented 
below for temperatures ranging from 400 to 480 °C at constant pressure, 24.4 ± 0.3 
MPa, and constant equivalence ratio, 0.88 ± 0.02. Acetone has been identified as the 
principal intermediate species formed, and subsequently destroyed, during the 
oxidation process. By assuming first-order kinetics for the destruction of both 
isopropanol and acetone, effective first-order rate constants have been determined 
from fits of the experimental data. Assuming Arrhenius behavior, the fits yield rate 
constants for isopropanol, 

and for acetone, 

keff,ipa=3-255xl°22(s~1)exp[-301-1(kJ-mor1)/RT] 

keff,ace = 1-948 x 1010(s-1)exp[-137.7(kJ • mol_1)/RT]. 

(5) 

(6) 

These results indicate that, for temperatures greater than 425 °C, the destruction of 
isopropanol proceeds faster than that of acetone. 

11 



One of the main objectives of this work is to obtain data on the supercritical water 
oxidation of isopropanol that are suitable for kinetic model development and 
validation. Presented in Table 2 are tabular results of the normalized concentration 
and residence-time data for isopropanol and acetone, the principal intermediate 
formed and subsequently destroyed during the oxidation. Normalized 
concentrations are defined as the measured species concentration, i.e., isopropanol, 
[ipa], or acetone, [ace], divided by the initial isopropanol concentration, [ipa]0. 

Table 2     Experimental Measurements of Normalized Isopropanol and Acetone Concentrations a 

Run 1, T 

t(s) 

= 400 °C 

[ipa] 

[ipalo 

[ace] 

[ipa]0 

Run 2, T 

t(s) 

= 409 °C 

[ipa] 

[ipalo 

[ace] 

[ipa]0 

Run 3, T 

t(s) 

= 420 °C 

[ipa] 

[ipalo 

[ace] 

[ipalo 
0.79 0.98 0.02 0.72 0.95 0.03 0.63 0.92 0.06 
1.07 0.87 0.04 0.97 0.92 0.03 0.92 0.93 0.12 
1.41 0.82 0.08 1.27 0.88 0.10 1.20 0.79 0.18 
1.82 0.76 0.08 1.60 0.87 0.13 1.43 0.72 0.22 
2.02 0.82 0.09 1.90 0.80 0.11 1.68 0.48 0.32 
2.41 0.77 0.11 2.23 0.66 0.21 2.00 0.32 0.39 

Run 4, T 

t(s) 

= 430 °C 

[ipa] 
[ipalo 

[ace] 
[ipa]0 

Run 5, T 

t(s) 

= 440 °C 

[ipa] 
[ipa]Q 

[ace] 
[ipalo 

Run 6, T 

t(s) 

= 450 °C 

[ipa] 

[ipalo 
[ace] 
[ipalo 

0.58 0.84 0.03 0.58 0.84 0.24 0.56 0.71 0.1'9 
0.82 0.82 0.13 0.77 0.72 0.27 0.73 0.44 0.33 
1.09 0.51 0.22 1.03 0.30 0.44 0.97 0.09 0.40 
1.36 0.26 0.31 1.26 0.07 0.47 1.21 0.00 0.33 
1.55 0.07 0.40 1.47 0.01 0.42 1.34 0.00 0.27 
1.85 0.00 0.40 1.70 0.02 0.34 1.62 0.01 0.15 

Run 7, T 

t(s) 

= 460 °C 

[ipa] 

[ipalo 

[ace] 

[ipalo 

Run 8, T 

t(s) 

= 470 °C 

[ipa] 

[ipalo 

[ace] 

[ipalo 

Run 9, T 

t(s) 

= 480 °C 

[ipa] 

[ipalo 

[ace] 

[ipalo 
0.52 0.56 0.41 0.49 0.23 0.42 0.48 0.06 0.28 
0.71 0.11 0.40 0.68 0.02 0.43 0.64 0.00 0.19 
0.94 0.04 0.37 0.90 0.00 0.25 0.87 0.00 0.08 
1.17 0.00 0.22 1.11 0.02 0.12 1.11 0.02 0.04 
1.34 0.00 0.16 1.29 0.02 0.12 1.27 0.00 0.01 
1.55 0.02 0.10 1.53 0.02 0.07 1.48 0.02 0.03 

a t (s) = residence time (s), 
[ipa] isopropanol concentration ace acetone concentration 

[ipa]       isopropanol concentrationinitiai '  [ipa]       isopropanol concentrationinjtjai 

In Figure 7, the results for experiments 2, 4, 6, and 8 are shown. It is apparent from 
Figure 7, as expected, that the isopropanol disappearance rate increases with 
increasing temperature. This, in turn, directly impacts the production rate of 
acetone, which also increases with increasing temperature. 
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Figure 7. Measured normalized species concentration profiles plotted versus 
residence-time for (a) isopropanol and (b) acetone, runs 2 (409°C)o, 4 
(430°C)a, 6 (450°C)A, and 8 (470°C) V. 

Despite the current lack of a detailed kinetic model to more thoroughly explore 
these data, it is possible to gain considerable insight through global kinetic analysis. 
Such models represent a consolidation of more complex reaction schemes and 
permit an initial indication of species reactivity. For the current analysis, first-order 
kinetics is assumed for the destruction of both isopropanol and acetone. This type of 
analysis has been used in the reduction of SCWO data in the past and has been 
found to provide a reasonable representation of the experimental data. 

When the destruction of isopropanol is assumed to be first-order with respect to 
fuel and zeroth-order with respect to oxygen, the following equation is obtained 
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d[ipa] 
dt ^eff.ipa [ipa] (7) 

where keff, ipa is the effective first-order rate constant. For each experiment in 
which sufficient data was acquired (i.e., at least two points, runs 1 through 7), a 
linear, least squares fit was performed on the natural logarithm of normalized 
isopropanol concentration versus residence-time data. The slope of this fit gives 
keff, ipa and the intercept at a normalized isopropanol concentration of unity 
corresponds to the apparent induction time, tjnd. If it is assumed that keff, ipa has an 
Arrhenius behavior, then both the preexponential, A, and the activation energy, Ea, 
can be calculated by performing a linear' fit of ln(keff, ipa) versus 1/T, see Figure 8. 

The analysis gives   Ea, ipa = 301.1 kJ-moH and Aipa = 3.255 x 1022 s"1. 

-3.0 
1.36     1.38      1.4      1.42     1.44     1.46     1.48 

1000/T(K"1) 

1.5 

Figure 8. Effective first order rate constants for isopropanol destruction (runs 1-7) 
plotted versus 1000/T (the line is calculated from a linear least squares 
fit of the data). 

The experimental results for isopropanol indicate that there is a temperature 
dependent induction time, tind, i.e., a time after entry of the reactant mixture into 
the flow reactor during which, little to no reaction occurs. Therefore, to compare 
the calculated first-order kinetic results to the experimental data it is necessary to 
calculate or estimate tind for each of the data sets. The induction time was 
determined for runs 3-7 by extrapolation to a normalized isopropanol concentration 
of unity, as previously discussed. It is apparent that tind, for runs 3-7, is roughly 
linearly dependent on temperature, see Figure 9. For runs 1 and 2 the change in the 
concentration of isopropanol is sufficiently small that noise in the measurement 
results in induction times that are unreasonable.   For runs 8 and 9 there is not 
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sufficient data to extrapolate the concentration measurements.   Therefore, the linear 
fit was used to approximate the induction times for runs 1, 2, 8, and 9. 

•D 
C 

0.3T 

Figure 9. 

400 410 420 430 440 450 460 470 480 

Temperature (°C) 

Measured induction times for isopropanol destruction (runs 3-7) 
plotted versus temperature (the line is calculated from a linear least 
squares fit of the data). 

To compare the first-order model to the experimental data, Equation 7 must be 
integrated from [ipa]Q to [ipa] for isopropanol concentration and from tind to t for 
residence time to obtain 

-^_ = exp(-keff)i    • (t - tind)) for t > tind. (8) 

For residence times less than the induction time the normalized concentration is set 
to unity. The model and experimental results are plotted in Figure 10. It is apparent 
that first-order kinetics reproduce the experimental data reasonably well. 

Since acetone is simultaneously produced and destroyed during the isopropanol 
oxidation process, examining its destruction rate is more difficult. If, however, it is 
possible to extract concentration data where the production rate is sufficiently small, 
then the destruction rate can be effectively determined. For the current analysis it is 
assumed that normalized isopropanol concentrations below 10% of the original 
value are acceptably small. In Figure 11, the normalized acetone concentration is 
plotted versus residence time for conditions meeting the above criterion, i.e., 
[ipa]/[ipa]0 < 0.1. This plot indicates that, as for isopropanol, the disappearance rate 
of acetone increases with increasing temperature. 
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Figure 10.      Comparison   of  calculated   first  order   reaction   kinetics   (lines)   to 
isopropanol    experimental    data    (open    symbols)    for    runs    2 
(409°C)o ,   4    (430°C)n -,    6    (450°C)^ ,    and    8 
(470°C)V . 

Using this bounded acetone data set, i.e., acetone concentrations when [ipa]/[ipa]0 < 
0.1, it is possible to obtain an effective first-order rate constant for the destruction of 
acetone by following a method similar to that used for determining the effective rate 
for isopropanol. If it is assumed that the destruction rate of acetone is first-order 
with respect to acetone and zeroth-order with respect to oxygen, then an effective 
first-order rate constant, keffr ace, can be determined for the data shown in Figure 11. 
If it is assumed that keff, ace has Arrhenius dependence, then both the 
preexponential factor and the activation energy can be calculated by performing a 
linear least squares fit of ln(keff, ace) versus 1/T.   This analysis gives Ea, ace - 85.12 
kj-mol"1 and Aace = 2.233 x 106 s"1. While this analysis is reasonable, it only allows 
the use of a small fraction of the experimental data. With an additional assumption 
regarding the production of acetone, a more rigorous analysis can be performed 
allowing all of the experimental data to be used in the fit of k^f, ace. 

If it is assumed that all of the isopropanol that is destroyed proceeds through the 
acetone channel, then the destruction rate of isopropanol is equal to the production 
rate of acetone. If we again assume that the destruction of acetone is first-order with 
respect to acetone and zeroth-order with respect to oxygen, it is possible to write the 
following equation for the total rate of change of the acetone concentration 

d[ace] 
dt 

= k. eff,ipaÜPa] ~ keff,ace[ace] • (9) 

16 



CD 
ü 
CO 

g_   0.30 

0.4        0.6        0.8 1.0        1.2        1.4 
Residence time (s) 

1.6 1.8 

Figure 11. Measured acetone concentration plotted versus residence-time for 
conditions when the normalized isopropanol concentration is less 
than 0.1, runs 6 (450°C)o, 7 (460°C)ü, 8 (470°C)^/ and 9 (480°C)V. 

Equation 9 can be integrated analytically (given the boundary condition [ace] at t = 
tind is equal to 0) to give the following equation for the evolution of acetone 

[ace] 

[iso]0 

'■eff.ipa 

Leff,ace "■eff.ipa 

{exp[-keff)ipa • (t - tind)] - exp[-keff,ace • (t - tind)]}    for t > tind.(10) 

The only unknown in this equation is keff, ace/ which, if Arrhenius behavior is 
assumed, is dependent on Aace and Ea, ace- Using our experimental data, these 
parameters were determined by minimizing the square of the error between the 
predicted and the observed value of the normalized acetone concentration, giving 

Ea, ace = 137.7 kjmok1 and Aace = 1-948 x lO^s"1. In this analysis we have assumed 
that during the induction time little to no reaction of isopropanol occurs, therefore, 
we have also assumed that no acetone is formed during the induction time, i.e., for 
residence times less than the induction time the concentration of acetone is zero. 

Using these parameters for Ea, ace and Aace and the previously determined values of 
tind and keff, ipa, the normalized concentration of acetone can be calculated with 
equation 10.' These results are plotted along with the experimental data in Figure 12. 
It is again evident that even with this rudimentary model for the oxidation of 
isopropanol and acetone, first-order kinetics (with an induction time) does a 
reasonable job of approximating the production and destruction of acetone in this 
system. 
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Figure 12.      Comparison of calculated first order reaction kinetics (lines), to acetone 
experimental   data   (open  symbols)   for   runs   2   (409°C)o ,   4 
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Figure 13.     Comparison of the calculated effective first order rate constants for the 
oxidation of  isopropanol,  keff, ipa , and  acetone  (using two 
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Finally, it is interesting to compare the two calculated first-order rate constants for 
acetone oxidation and to compare these constants to that determined for 
isopropanol. In Figure 13 the three rate constants are shown over the temperature 
range of the current work. In the figure, keff, ace(T high) represents the rate constant 
calculated based on the first method discussed, i.e., using the constrained ([ipa]/[ipa]0 

< 0.1), high temperature acetone results. This rate constant compares quite 
favorably to the rate constant determined using the full acetone data set, represented 
by keff, ace- While the second method requires an additional assumption, it allows a 
more thorough fit, using all of the experimental acetone concentration data. Both 
rate constants intersect the isopropanol rate constant at -425 °C. Below 425 °C keff. 
ace(T high) > keff, ace; however, their maximum deviation is less than a factor of 1.4. 
Above 425 °C keff, ace > keff. ace(T high); the maximum deviation is again small, less 
than a factor of 2. The current results indicate that for temperatures above 425 °C 
and pressures of approximately 24.4 MPa acetone is more difficult to oxidize than 
isopropanol, while below 425 °C the opposite is true. Preliminary results from our 
lab for temperatures extending into the subcritical temperature region (350-400 °C) 
support the observation that the acetone destruction rate is faster than that of 
isopropanol for lower temperatures. 

Plans for next quarter 
Experimental emphasis will be placed on completing the data set for isopropanol; 
oxidation along with the quantification of the rate of formation of CO, and perhaps' 
CO2, in this system. We will also examine the rate of consumption of O2. When 
this information is combined, we will be able to estimate the rate of heat release. 
This is the critical engineering design information needed to evaluate the 
practicalities of using isopropanol as a make-up fuel in SCWO reactors. We will 
also conduct experiments on n-propanol to compare intermediates and rate of heat 
release for this isomeric molecule with a nearly identical heat of formation that 
cannot form acetone . Other experimental work will focus on the H2O2 experiments 
described above. 

Our approach will be focused on joining the methane model and the methanol 
model that we have used up to this point and reconciling them with a high pressure 
version of the well -documented GRI mechanism. We will then use this Cl system 
as a basis for development of the fundamental mechanisms the larger organic 
molecules. 
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